The effect of human secretory immunoglobulin A (S-IgA) 
The colonization of smooth tooth surfaces by Streptococcus mutans involves adherent interactions between this cariogenic microorganism and the salivary pellicle that coats the dental enamel. Although weak and reversible, this initial binding appears to be an indispensable preliminary step to the eventually irreversible adhesion and accumulation of S. mutans cells mediated by extracellular polysaccharides (12) . Both S. mutans (13) and its cell surface protein antigen (Ag) I/TI (37) bind selectively to saliva-coated hydroxyapatite (SHA), which simulates pellicle-coated enamel, but isogenic Ag I/II-deficient mutants of S. mutans lack the protein fuzzy coat on the cell surface and bind poorly to SHA compared with the parent strains (19, 23) . These findings suggest that Ag I/TI can function as a major adhesin in mediating the initial adherence of S. mutans to salivary pellicle-coated tooth surfaces, although this may not be the only mechanism (3, 39) .
Secretory immunoglobulin A (S-IgA) antibodies act as the host's first line of mucosal defense by interfering with microbial adherence and colonization (15) . For example, human salivary S-IgA antibodies inhibit the adherence of oral streptococci to isolated epithelial cells from the buccal mucosa (44) , and murine intestinal S-IgA antibodies to Vibrio cholerae reduce the adsorption of vibrios to the intestinal mucosa (10) . In earlier studies on the effect of naturally occurring human S-IgA antibodies on the binding of S. mutans to SHA, no conclusive results were obtained: either adherence was unaffected (11) , or the observed inhibition could not be ascribed necessarily to a specific antibody (17) . S-IgA-mediated inhibition of S. mutans adherence was clearly demonstrated in a more recent report (32) , * Corresponding author.
although the antigen specificity of the antibodies involved was not addressed. In the same study, bacterial immunoglobulin Al (IgAl) proteases, which specifically cleave IgAl in the hinge region, yielding intact Faba and Fca fragments, abrogated the adherence-inhibiting effect of S-IgA. Inhibition of the binding of S. mutans to experimental pellicles in an antigen-specific fashion was shown by using rabbit IgG polyclonal antibodies to antigen B (Ag I/II) (9) or mouse monoclonal IgG antibodies to antigen P1 (Ag I/TI) (4) .
The experiments in this study were designed (i) to determine whether human S-IgA antibodies to Ag I/TI inhibit the binding of free Ag I/I or Ag I/IT-bearing S. mutans to SHA, (ii) to examine the effect of cleavage of S-IgA antibodies by IgAl protease on the inhibition of adherence, and (iii) to compare the antiadherence activities of S-IgA and serum IgA and IgG antibodies.
MATERIALS AND METHODS
Streptococcal strains and growth conditions. The S. mutans strains used in this study were Purification of immunoglobulins. S-IgA was isolated as described previously (27) from human colostrum, which is a much richer S-IgA source than saliva and contains antibodies to oral bacteria (2) . Cells and lipids were removed by centrifugation, and clarified colostrum was depleted of casein by acidification (to pH 4.2 with 2% acetic acid) and centrifugation. Crude S-IgA was precipitated with 50% saturated ammonium sulfate, and lactoferrin was removed by affinity chromatography on heparin-Sepharose 4B (Pharmacia). The preparation was then subjected to anion-exchange chromatography on a MonoQ column (Pharmacia), and fractions were tested for the presence of IgA by the ELISA. The purity of the preparation was tested by gradient SDS-PAGE with unreduced and reduced samples (22) S-IgAl and S-IgA2 were separated from S-IgA, purified as described above, by affinity chromatography on a column of agarose-bound jacalin (Vector Laboratories, Burlingame, Calif.) equilibrated in 0.175 M Tris buffer (pH 7.5) (20) . Unbound S-IgA2 was collected in the effluent, and bound S-IgAl was eluted with 0.1 M melibiose in 0.175 M Tris buffer (pH 7.5). The S-IgAl preparation contained 97% subclass 1, and the S-IgA2 preparation contained more than 90% subclass 2, as shown by the ELISA.
Serum IgAl and IgG containing antibody to Ag I/I from a patient with subacute bacterial endocarditis (SBE) due to S. mutans (38) and normal IgAl and IgG from a healthy donor were purified essentially as described previously (36) 
RESULTS
Inhibition of the binding of Ag I/IT to SHA. Human S-IgA containing anti-Ag I/II antibody inhibited the binding of Ag I/TI to SHA in a dose-dependent fashion (Fig. 1) . When S-IgA was depleted of antibody to Ag I/IT by adsorption on the cell surface Ag I/II-retaining S. mutans MT 8148 (Table  1) , the antiadherence activity was abolished (Fig. 1) , suggesting that the inhibition was antibody specific. In contrast, control adsorption of S-IgA on S. mutans IB 162, which sheds its surface Ag I/II, did not alter its ability to inhibit the binding of Ag I/TI to SHA (Table 1, Fig. 1 ). When S-IgA was cleaved by overnight pretreatment with IgAl protease (Table 2), the antiadherence effect was counteracted (Fig. 1) . Residual inhibitory activity could be due to uncleaved S-IgAl or to S-IgA2 antibodies present in the S-IgA preparation (Table 2 ). To examine whether both subclasses were able to inhibit the binding of Ag I/IT to SHA, S-IgAl and S-IgA2 purified from four human colostral samples and adjusted to contain equal concentrations of antibody were tested in the Ag I/II adherence assay. Generally there was little difference in inhibitory activity between the subclasses or among samples obtained from different colostrums (Fig.  2) . Effect of Faba fragments on the binding of Ag MII to SHA.
To determine whether Faba fragments retain some ability to inhibit Ag I/II adherence, purified Faba fragments containing Ag I/II-binding activity (Table 2) were tested in the Ag I/IT adherence assay. The results (Fig. 3) suggested that Faba antibody fragments enhanced the binding of Ag I/TI to SHA and therefore that Faba fragments might bind more readily than S-IgAl to SHA. In support of this concept, radiolabeled Faba fragments were found to bind to SHA more than S-IgAl did (Fig. 4A) . The binding of radiolabeled Faba or S-IgAl was inhibited by unlabeled Faba or S-IgAl, respectively, but not by unrelated proteins (data not shown). In contrast to its relative inability to interact with preformed pellicle, S-IgAl was readily incorporated into the pellicle during its formation (Fig. 4B) . Although this might be expected to promote the adherence of Ag I/TI, binding was either unaffected or even inhibited when pellicles were prepared in the presence of threefold-higher concentrations of S-IgA (Fig. 4C) (Table 3) . IgAl and IgG isolated from a healthy donor were depleted of all anti-S. mutans antibody by adsorption on S. mutans NG8 ( Table 3 ). The specific activity of each antibody preparation was adjusted to 4.5 ,ug of antibody per mg of immunoglobulin by adding an appropriate amount of corresponding antibody-free (adsorbed) immunoglobulin. All immunoglobulin preparations containing antibody to Ag I/TI inhibited the binding of S. mutans NG8 to SHA in a dose-dependent manner (Fig. 6 ), but S-IgAl exhibited more adherence inhibition than did either serum IgAl or IgG, which demonstrated comparable activities. Control immunoglobulin preparations lacking anti-Ag I/IT antibody were without effect (Fig. 6 ).
DISCUSSION
In this study we demonstrated that Ag I/IT was a prominent target of the anti-S. mutans adherence activity of human S-IgA antibody. Inhibition by S-IgA of the binding of both free Ag I/IT and S. mutans cells was dependent upon antibody to Ag I/II. Removal of anti-S. mutans antibody other than anti-Ag I/IT did not significantly affect the adherence-inhibiting effect of S-IgA. These findings suggest either that Ag I/TI is a major S. mutans adhesin for binding to SHA or that other surface structures involved in adherence are sterically blocked by antibody bound to cell-surface Ag I/II. However, the finding that Ag I/II-deficient mutants bind poorly to SHA, in contrast to their parent S. mutans strains (3, 19, 23) , favors the first interpretation. The pellicle receptor for Ag I/IT has not been identified, but our earlier report that the binding of Ag I/IT to SHA is inhibited by amino sugars and such substances as Tris (37) support from the finding that amino compounds inhibit the adherence of S. mutans to salivary proteins coated on hydroxyapatite (18) . Additional mechanisms by which anti-Ag I/II S-IgA antibodies might impair the adherence of S. mutans cells could involve a reduction of their hydrophobicity or the formation of large bacterial aggregates that would succumb to the flow of saliva and result in their clearance (15) . Except for susceptibility to IgAl proteases, only subtle biological differences among the IgA subclasses are known (28); accordingly, we found essentially no difference between S-IgAl and S-IgA2 with respect to antibody-dependent inhibition of Ag I/II binding to SHA. However, differences in inhibition of S. mutans adherence between S-IgAl antibodies and serum antibodies of the IgAl and IgG isotypes were found. S-IgA shows better agglutinating properties than does monomeric IgA (14) , and S-IgA also reduces the hydrophobicity of bacteria (25) previous speculation that cell surface-bound Fabax fragments may mediate bacterial adherence to SHA (32) . In a test of this hypothesis, we found that Fabao fragments bind more readily than S-IgAl does to SHA. As hydrophobic interactions appear to be involved in bacterial adherence to SHA (12, 19, 23, 43) , this may explain why Fabax, which is dominated by hydrophobic amino acid residues (32) and lacks the heavily glycosylated Fca2.SC part (42) , interacts with SHA better than the intact molecule does. The binding of anti-Ag I/II Faba-Ag I/TI complexes to SHA via the Fabac component may therefore provide an additional mechanism for the attachment of S. mutans to pellicle-coated tooth surfaces. Although S. mutans itself does not synthesize IgAl protease, the production of this enzyme is associated with the ability of other oral streptococci to be primary colonizers of tooth surfaces (16) . Ag I/TI-like molecules have been described in several such organisms (8, 24) . Thus, secreted IgAl protease may not only promote their own ability to adhere to tooth surfaces but also facilitate colonization by S.
mutans.
In contrast to its relative inability to interact with preformed pellicle, S-IgAl was readily incorporated in the pellicle (when added together with saliva) during its formation. This is in accordance with previous findings that IgA is a constituent of salivary pellicles (29) and that S-IgA binds to uncoated hydroxyapatite (17) . It might be expected that pellicle-bound S-IgA containing antibody to Ag I/IT would promote the binding of Ag I/TI. However, this was not the case, perhaps because of conformational changes of the antigen-binding sites in the adsorbed state or the orientation of the S-IgA molecules in the pellicle. The finding that higher concentrations of bound S-IgA showed an antiadherence effect might be due to the escape of bound S-IgA to the fluid phase. In this regard, it has been demonstrated that the antibody activity of immunoglobulin incorporated in salivary pellicle is retained in a biological assay based on diffusion of functionally unaltered antibodies from the pellicle (30) . These findings further imply that S-IgA antibodies naturally present in salivary pellicle would not contribute to the binding of S. mutans.
In conclusion, the data of this study suggest that S-IgA antibodies can inhibit the initial adherence of S. mutans to pellicle-coated dental surfaces in an adhesin-specific fashion. This effect of S-IgA seems to be superior to that of serum antibodies, which may reach the tooth surfaces via the gingival crevicular fluid. Therefore, induction of anti-Ag I/I S-IgA antibodies by oral immunization may provide protection against dental caries development through inhibition of initial adherence of S. mutans to the salivary pellicle. However, IgAl proteases produced by oral bacteria may facilitate the Ag I/I-mediated initial adherence of S. mutans by abrogating the antiadherence activity of S-IgA antibodies to Ag I/TI and generating adherence-enhancing Faba antibody fragments. Therefore, further studies on the role of bacterial IgAl proteases in oral microbial ecology are warranted.
